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Introduction 48
As the world's most abundant rare earth element, cerium is widely used in 49 industries both in free metal and oxide form (Naumov, 2008; Masui et al., 2002) . Thanks 50 to the large specific surface area and rich redox chemistry, cerium oxide nanoparticles 51 (CeO2 NPs) have been used as catalysts, electrolyte materials and fuel additives (Zhang et 52 al., 2002) . The increasing popularity of CeO2 NPs in industry has caused concern over 53 their potential toxicity in the environment. There have been many reports that indicate 54 potential toxicity of CeO2 NPs to bacteria, fish, and mammalian cells (Pelletier et and 100 mg/kg) in potting soil, but significantly inhibited biomass production and 78 disrupted plant stress responses at 1000 mg/kg (Gui et al., 2015) . While these soil-based 79 studies provide significant new information on the fate and impact of CeO2 NPs in the 80 ecosystem, none of the previous studies has closely examined the impact of soil 81
properties on the toxicity and bioavailability of CeO2 NPs to terrestrial plants. Plant 82 uptake of metals in soil depends on both the soluble fraction of total metal and the 83 capability of soil to release the metals and both factors are considerably affected by the 84 soil properties (Backes et al., 1995) . Previous research has shown that metal mobility in 85 soil is governed by many factors including the soil characteristics (e.g. soil texture, pH, 86 and organic matter content); the nature of the contaminants (e.g. the chemical forms of 87 pollutants and the binding state); and the environmental conditions (e.g. acidification, 88 redox processes, temperature, and water regime) (Sahuquillo et al., 2003) . 89
In recent decades, several extraction methods have been developed to evaluate the 90 mobility of metals in soil. Sequential selective extraction is defined as the use of a series 91 of selective reagents to solubilize the solid material successively into specific fractions 92 with an X-ray photoelectron spectroscopy (XPS) (Omicron multiprobe MXPS system, 136 Scienta Omicron, Germany). The XPS spectra of the surface of CeO2 NPs was shown in 137 
Soil characterization 143
Two types of soil were used in this study: (1) commercially-purchased topsoil 144 (Timberline Top Soil, Oldcastle Inc., Atlanta, GA); (2) an agricultural soil collected from 145 a farmland associated with Southern Illinois University (Carbondale, IL). Due to the 146 different weight percentages of sand, silt and clay in these two soils, the topsoil was 147 classified as loamy sand and the local soil was classified as silty loam according to the 148 USDA soil texture classification. The weight percentages of sand, silt, and clay were 149 determined through wet sieve analysis and hydrometer test (Bouyoucos, 1962 The Deutsches Institut für Normung (DIN) 19684-1 method was adopted for the 152 measurement of soil pH. One hundred mL deionized water was mixed with 40 g of air-153 dried soil at the speed of 250 rpm (solid-liquid mass ratio 1:2.5). The mixture was shaken 154 for five minutes and allowed to settle for two hr. The pH was then measured with a pH 155 meter (Thermo Scientific Orion ROSS Ultra pH/ATC Triode, Orion Star A325). The pH 156 of loamy sand was 6.87 and the pH of silty loam was 6.58. 157
The ASTM D 2974 method (Standard Test Methods for Moisture, Ash, and 158
Organic Matter of Peat and Organic Soils) was used to determine the content of organic 159 matter in soil. The soil was first dried in an oven at 105 °C for 24 h. The dry soil was 160 weighed and then combusted at 440 °C for 24 h. The loss in mass was assumed to be due 161 entirely to oxidation of organic matter. Three replicates were prepared for each type of 162 soil. The average organic matter contents were 11.87% ± 0.56% for loamy sand and 163 2.21% ± 0.04% (average ± standard error, n=3) for silty loam. 164
Experimental Setup 165

Soil preparation 166
The growing pots were established by adding 150 g of dry soil to a plastic 167 container (~266 mL total volume). CeO2 NPs dispersion and deionized water were added 168 to the container in different proportions so that the soil was saturated to 100% of field 169 an aliquot of 5 mL of 30% w/v H2O2 was added and the heating process was repeated 204 until the volume was reduced to about 0.5 mL. Afterwards, 25 mL of 1 M ammonium 205 acetate solution at pH 2 was mixed with the residue for 16 hours at 22±5 °C and the 206 mixture was centrifuged at 3,000 g for 20 minutes to extract the oxidizable fraction (F3). 207
The residue fraction (F4) was extracted by aqua regia following the ISO 11466 protocol; 208 4.5 mL of HCl (12.0 M) and 1.5 mL of HNO3 (15.8 M) was added drop-wise to 0.5 g of 209 residue from the third fraction. The mixture was left at room temperature for 16 hours 210 and then was transferred to a 50 mL reaction vessel connected to a reflux condenser. The 211 reaction vessel was heated until reflux conditions were reached and was continuously 212 heated for 2 hours (the condensation zone is lower than 1/3 of the height of the 213 condenser). The condenser was further rinsed with 10 mL HNO3 (0.5 M) and the rinsing 214 
Scanning electron microscope characterization of cerium in soil 219
To determine the physicochemical characteristics of CeO2 NPs in soil, air dried 220 control and 1000 mg/kg treated loamy sand and silty loam soils were fixed on a double-221 sided adhesive tape, which was adhered to the specimen holder, and were analyzed using 222
FEI Quanta FEG450 scanning electron microscope (SEM) equipped with an Energy 223
Dispersive X-ray Spectroscopy (EDS). The SEM imaging of soil samples was performed 224 by applying accelerating voltages of 10 kV. The concentration of 1000 mg/kg CeO2 NPs, 225 the highest concentration used in this study, was selected to ensure the detectability of 226 CeO2 NPs by SEM. 227
Plant uptake and accumulation of cerium 228
After plants were carefully removed from the soil, they were separated into 229 shoots, storage root (the edible radish bulb) and fine roots. The separated tissues were 230 rinsed with DI water to remove all adhering soil particles and dried in an oven at 105 °C 231 for 30 minutes, then at 75 °C for seven days prior to dry weight determination. After 232 drying in the oven, three replicates in each treatment were randomly chosen. The dried 233 shoot, storage root, and fine root tissues were ground into fine powders and digested in 4 234
Distribution of cerium in radish shoots and storage roots 243
Three replicates from the control and 500 mg/kg treatment group grown in both 244 soils were used as representatives to illustrate the cerium localization in the radish storage 245 roots and shoots. The whole storage root was divided into three layers with a precision 246 subsections of the storage roots and shoots were oven dried and digested as described 251 above for the whole tissues. The digest solutions were analyzed by ICP-MS. 252
Data analysis 253
The statistical analysis of experimental data was performed by means of one-way 254 and two-way ANOVA using IBM SPSS Statistics 20.0. The Duncan test was conducted 255 for post hoc comparisons. A student t test was conducted to determine the significance of 256 soil impact at the same concentration. Statistical significance was accepted when p<0.05. 257
Results
258
Plant physiological status 259
The
other treated and control plants in loamy sand. The same treatment, however, led to 264 significantly lower dry biomass of storage roots than that of 500 mg/kg treated radishes in 265 silty loam. When the biomass of radishes grown in two soils at the same concentration 266 was compared, the storage roots of control, 100 mg/kg, and 500 mg/kg CeO2 NPs treated 267 radishes were significantly greater in silty loam than in loamy sand. At the highest 268 concentration, the difference of the storage root biomass between the two soils was not 269
significant. 270
In contrast to the storage root biomass, the shoot biomass was not affected by 271
CeO2 NPs exposure for either soil. However, significant differences were noticed 272 between the soil types at control and 100 mg/kg treatment. Radishes grown in silty loam 273 soil from the two concentration groups had significantly higher shoot biomass than the 274 plants grown in loamy sand. The relative chlorophyll contents, expressed as percentages 275 of controls, are shown in Supplementary Table 2. No significant differences were 276 observed across the treatments. 277
Cerium fractionation in soil 278
The percentage of each fraction in the two soils is illustrated in stacked columns 279 in Figure 3 . F4 was the dominant fraction of CeO2 NPs in both soils, and the percentage 280 was invariably higher in silty loam (60.8-78.2%) than in loamy sand (58.6-70.5%) at the 281 same concentration. F1 was the smallest fraction and accounted for less than 0.11% in 282 loamy sand and 0.22% in silty loam. While the relative percentage of F2 was comparable 283 between the two soils, the loamy sand always contained higher oxidizable fraction (F3) 284 than silty loam at the same concentration (15.8-17.8% for loamy sand vs. 9.07-11.8% for 285 according to the two-way ANOVA analysis. In general, the silty loam contained higher 299 F1 than the loamy sand and the difference was significant for 500 mg/kg treatment 300 (Figure 4a ). The silty loam contained significantly lower F2 and F3 than the loamy sand 301 in 500 and 1000 mg/kg treatment. The silty loam had significantly higher F4 than the 302 loamy sand in 100 mg/kg but the differences in F4 were not significant in higher 303 concentrations (Figure 4d ). It has been reported that CeO2 NPs cannot be fully dissolved 304 in aqua regia (Antisari et al., 2011) . Therefore, it is likely that some cerium residues 305 remained in the soil and was not included in the four fractions reported here. 306
To further probe the differences of CeO2 NPs behaviors in the two soils, SEM 307 analysis was conducted. The SEM images shown in Figure 5 were acquired with samples 308 from control and 1000 mg/kg treatment. EDS analysis was conducted in the selected area 309 (red frames in the images) to detect the component elements. The main components of 310 the two soils were silica and oxygen. In control samples from both soil types, no cerium 311 was detected by the EDS even though ICP-MS analysis showed that both soils contained 312 high background cerium. However, in 1000 mg/kg treatment, the cerium weight 313 percentages were 7.23% and 8.05% in loamy sand and silty loam, respectively. The 314 cerium signals in both soil indicate that the CeO2 NPs were mainly attached to the edge 315 of soil particles. Individual particle aggregates could be seen in the treated loamy sand, 316 but not in the silty loam soil. 317
Cerium uptake and accumulation 318
Cerium was detected in all plant tissues even though the total accumulation of 319 cerium in plant biomass was relatively small compared with the total cerium added to the 320 system. The concentrations and the total mass of cerium in different plant tissues are 321 presented in Supplementary Figure 3 The comparison of cerium accumulation by plants grown in two soil types 329 indicated that the radish fine roots and storage root from the loamy sand usually 330 possessed higher cerium concentration than the same tissues collected from the silty 331 loam. Interestingly, the cerium concentration in the shoot showed opposite trend between 332 these two soils. However, none of these differences were significant except for the 333 cerium in the fine roots from 100 mg/kg treatment. 334
Cerium localization in radish storage roots and shoots 335
The cerium concentrations in different sections of radish storage roots and shoots 336 are shown in Table 1 . The average cerium concentration in the periderm (Peri) of radish 337 storage roots from 500 mg/kg was more than ten times higher than that of control in both 338 soils. However, large variations were observed between replicates from the same 339 treatment group. Cerium concentrations in the intermediate layer (L1) and the inner layer 340 were comparable to the control plants in both soils. In radish leaves, the cerium 341 concentrations in the edge section (S1) of treated and control plants were similar for both 342 soils. However, the average cerium concentration in the main leaf area (S2) was 343 significantly higher (almost three times) from 500 mg/kg treated radish than from control 344 cerium at low concentration is generally not considered as toxic and is sometimes used as 366 fertilizer (Hu et al., 2002) . The F1 in silty loam was invariably higher than that in loamy 367 sand at the same concentration. Therefore, the differences of F1 may partially explain the 368 generally higher dry biomass of radish storage roots and shoots in silty loam than in 369 loamy sand (Supplementary Figure 1) . 370
Fe-Mn oxides, considered as secondary minerals, exist primarily in the clay 371 (Allen and Hajek, 1989; Fieldes and Swindale, 1954; Post, 1999). Therefore, the higher 372 reducible CeO2 (F2) in silty loam with higher clay content may be expected. 373
Interestingly, the expectation was only consistent with the observations at lower 374 concentrations (<100 mg/kg). At higher concentrations (500 and 1000 mg/kg), the 375 opposite trend was observed. Two processes may have contributed to the seemingly 376 inconsistent observations of CeO2 NPs fractionation in these two soils. Firstly, the CeO2 377 between CeO2 NPs and some soil particles is supported by the SEM images ( Figure 5) . 384
The electrostatic forces present may therefore restrain the direct contact of CeO2 NPs 385 with Fe-Mn oxides in the clay. Secondly, the extractant (hydroxylamine hydrochloride) 386 used to recover F2 may lead to higher cerium concentration in loamy sand due to its high 387 reducing capacity. It has been reported that hydroxylamine hydrochloride can reduce 388 One intriguing observation of this study was the disparity of roots and shoots with 409 regard to CeO2 NPs accumulation from different soils. As described above, the radish 410 storage roots and fine roots generally contained higher cerium concentration in loamy 411 sand. However, the concentrations of cerium in shoot tissues followed the opposite trend 412 between the soils. It is postulated that the low translocation of cerium in the loamy sand 413 In summary, soil characteristics were shown to be an important factor affecting 453 the soil fractionation and subsequent bioavailability of CeO2 NPs to plants. The 454 accumulation of cerium in radish belowground tissues correlated well with the sum of the 455 first three fractions, suggesting that these fractions were bioavailable to plant roots. 456
However, only the exchangeable fraction correlated well with the element amounts 457
shown to transport from roots to shoots. In addition to their bioavailability, the 458 distribution of cerium in different plant tissues was also affected by the physicochemical 459 properties soils, indicating that the specific soil properties must be an important 474   475  476  477  478  479  480  481  482  483  484  485  486  487  488  489  490  491  492  493  494  495 significant differences between the treatments in loamy sand and silty loam respectively 743 (p<0.05). Asterisks indicate significant differences between two soils at the same CeO2 744 dosing concentration (p<0.05). 745
